Shape knowledge indexing is crucial in design reuse and knowledge engineering, in which the pivot issue is to establish the unique representation of the invariant shape properties. In this paper we present a local shape-indexing scheme defined on the Fourier spectrum of the shape distribution. We theoretically prove that our shape code is strictly invariant of affine transformations, and be suitable as an index of the shape knowledge of a form feature. A framework applying the invariant shape code in shape knowledge indexing is presented. Associated empirical evaluations are given to demonstrate the robustness of the invariant shape code regarding input noises; in addition, the quantity analysis of the results is provided. Eventually, our approach is promiseful to develop the unambiguous shape index in large shape knowledge repository.
INTRODUCTION
Shape descriptors have been extensively investigated in image processing field. During the past decades, diverse shape descriptors have been developed, for instance, the Fourier shape descriptor [2] [10] [12] [18] , wavelet shape descriptor that takes the local geometric attributes into consideration, such as curvature and slope, and multi-resolution shape descriptors [3] [5] [7] . Working on planar shape or the collection of the section contours of a spatial shape, conventionally, shape descriptors are utilized to generate the invariant representation for 2-D shapes, from which to derive or to reason the global 3-D shape knowledge. Some recent investigations attempt to extend the shape descriptors to directly handle 3-D objects, in which the shape invariance is depicted by means of the geometric properties, such as the distribution of curvature and geometric measurements [9] [13] [1] . The application of shape descriptors has covered shape indexing, shape knowledge reuse, and even for the development of invariant shape representation methods.
In computer-aided design, the shape knowledge indexing greatly benefits the designer by supporting design reuse. This dramatically promotes their daily productivity. At this sense, shape knowledge indexing is one of the most important means to achieve design reuse and intelligence, by which the preceding modeling efforts are inherited in the current design [14] [15] . The most commonly known form of design reuse is the usage of a digital part library in CAD, especially, when the "standard parts" are parameterized models, a significant reduction of design efforts is achieved [4] .
The pivot issue in shape knowledge indexing is to develop a unique descriptor to depict the invariance of the shape properties. As one of the applications of shape analysis, most of the shape-indexing scheme is derived from a specific shape descriptor afore mentioned. Shape analysis based on shape descriptors is sometimes called shape interrogation; it can explicitly give the unique shape identity, by which one shape is distinguished with another However, in recent years, the fusion of 3-D shape analysis with signal processing knowledge has become more and more popular [6] [10] [17] [11] . This creates the possibility for us to establish the shape-indexing scheme by exploring its intrinsic shape properties-the Fourier spectrum of the shape geometry.
In this paper, we will introduce a novel approach regarding the indexing of shape knowledge, which employs the invariant shape code as the identity, and encodes shape knowledge in terms of its Fourier coefficients. The shape code (identity) is derived from the aggregations of its invariant attributes, namely its Fourier spectral components. Our representation effectively combines the shape representation and the indexing scheme into a unified framework. In addition, compared with the existing shape knowledge-indexing scheme, our approach has the following characteristics:
(1) It is strictly invariant under affine transformations; (2) It is robust regarding input noise.
The organization of this paper is as follows. After the introduction, we will give a brief overview of the overall framework of shape knowledge indexing. Then the definition of our invariant shape code and related formula are discussed, on which the strategies for shape knowledge indexing and reuse are developed. Finally, we give the conclusions and clues for the future work.
NOMENCLATURE

CAD:
Computer-aided design DFT:
discrete Fourier transform FPS:
Fourier power spectrum FS:
Fourier spectrum FSI:
Fourier shape identity FT:
Fourier transform ISC:
Invariant shape code NFSI:
Normalized Fourier shape identity ROI:
Region of interest
OVERVIEW OF THE SHAPE KNOWLEDGE INDEXING FRAMEWORK
In our approach, form features or the ROI on existing model are treated as a spatial distribution. The ROI is sampled under a unified sampling scheme. Then, a 2-D DFT is employed to implement the transition from spatial shape domain to frequency domain, in which the frequency-based shape invariant code is defined.
The ISC of a shape is served as an index to store or retrieve the local shape knowledge, for instance, the geometry of the form feature. We define the ISC of the shape as an invariant on the FT of its spatial distribution, and compute the shape index from the matrix of its FT coefficients. However, it is hard to develop a universally applicable method that could satisfy all requirements for shape knowledge encoding, due to the complexity of the shape geometry. Our approach exclusively works on local shape feature. Empirical study shows that our definition of ISC is stable and effective.
By using ISC, the pipeline of shape knowledge indexing can be described as: first, shapes in the ROI of the existing model is sampled; then by using DFT, the sampled data will be transformed into a series of frequencies, and stored in a shape FT repository. The ISC is derived from the FT of the shape without extra storage requirement. When starting a new design, the user may utilize an imprecisely defined ISC from an imaginary shape to perform the fast indexing querying the FT repository, and extract the FTs of the similar shapes, which will be used as the basic building blocks to construct the new shapes. After applying frequency-based operator, the modified FT will be transformed back to spatial domain by the reverse DFT. A reconstruction process will rebuild the resulting shape. The overall framework of shape knowledge indexing using ISC is shown in Figure 1 .
THE DEFINITION OF THE ISC
A 3-D form feature can be treated as a spatial distribution of its profile points, and the ROI is often used to explicitly specify boundary the form feature. A sampled point-set of the ROI under certain precision is a distribution, which is morphologically equivalent to the original shape within the scope of discrete description.
Definition 1.
(Sampling scheme) For a freeform shape feature with feature surface
is called a spatial shape distribution, and [
The morphological distribution of a shape feature is invariant of sampling direction and starting point. For example, the changing of the starting point of sampling results a variation of the row or column in the sampling matrix. But this does not change the computational property of the matrix, i.e., by transferring the row or the column of the matrix could be modified without hurting its nature. Be noticed that the sections on the sampled shape may be curved in some cases. In addition, for a point cloud model, we can still obtain the sampling matrix even though it is not yet parameterized. 
sampling grid on a freeform shape feature, the sampled distribution
of a spatial shape can be equivalently represented by means of a DFT as: And the Power spectrum is defined as:
where and are the real and imaginary part of respectively, i.e., and
Definition 3. (Fourier shape identity)
Under the sampling scheme given by Definition 1, the FT of a freeform shape feature excluding the position information, i.e.,
is called the Fourier shape identity.
For the Fourier shape identity , the coefficient
is rotation invariant; and the magnitude of the coefficients
, is translation invariant as well. Evidently, the invariant properties of the magnitude of the elements of under affine transformations make it suitable for being an identity.
However, using the to represent the shape feature is rather complicated, even not applicable in terms of shape knowledge indexing or reusing. For example, for a 
. For a given ) , ( ζ τ ω , when the frequency magnitude in element was small, it could be larger in element. Another concern is that, the shape scaling operation should not result in a change of the shape identity. This is crucial especially in shape knowledge indexing, where the shape itself rather than its size is the main concern. Obviously, the FSI does not satisfy this requirement. Hence, a simplified definition of the shape identity that takes all these issues into consideration is needed. 
Definition 4. (Normalized Fourier shape identity)
A normalized cumulative function defined on the Fourier shape identity of a shape distribution (or the ROI on a shape) Equation (5) contains only the normalized spectrum information, which can serve as a unique identity in shape knowledge indexing. We can theoretically prove that is invariant of rotation and translation. For instance, for a rotation in Euclidian space, we can infer 
THE ROBUSTNESS OF THE ISC
Robustness. Robustness of the ISC includes several aspects; one of them is the invariant nature under input noises.
For example, under the variation of the ROI boundary the shape identity should still behave invariantly, i.e., persistent to the input variation. As demonstrated in Figure 3 , we choose different ROIs containing the same shape feature, and compare the variation of the NFSI. Figure 3 -(a) and (b) are the form feature-the nose-with boundary variations. The NFSI of Figure 3 -(a) is drawn in red color and blue color for Figure 3 -(b). We can see that the NFSI definition is very stable under input noises. Table 1 gives the data analyzation, in which we can see that the maximum variation of the NFSI value is about 0.04 under the maximum FT value 0.43, while the variation of the maximum NFSI value relative to the value threshold is less then 10%. Please be noticed that the variation also includes the noise from re-parameterization. If excluding this factor, the NFSI would behave more stable. We employ the NFSI as the ISC of a shape; therefore, the robustness of the ISC is identical to that of the NFSI.
The measuring of identity variance. Identity variations under input noises can be obtained by measuring the norm of the identity. For instance, the variation of NFSI for Figure 3-(a) and (b) can be measure by 
. From FSI to CSI, the representation of shape identity becomes more and more simple. 
Adaptability.
Another characteristic of our identity definition is that it is independent of the representation forms, such as data structure and topology. In our definition, the input data for the calculation of the feature identity can be either from a point cloud model, a mesh model, or a NURBS-based surface model.
ENCODING OF THE ISC OF THE FORM FEATURE
Given a form feature, we can easily generate its equivalent distribution data set by Definition 1, i.e.,
The sampled data set should be consistent with the requirement of the input data for the DFT, i.e., an input matrix with dimension of . A simple topology for the input data should be maintained. In case there are degenerations, then special processing should be taken at these points, for instance, by duplicating certain points to satisfy the topology requirement of the input data. The encoding of the ISC of the form feature utilizes the procedure depicted in Figure 4 .
For a form feature, we encode its ISCs by calculating the NFSI at each of its coordinate components, i.e., there are three ISCs for a form feature, namely, x -ISC, -ISC and z -ISC. The ISC of the form feature is derived directly from the Fourier model data of a shape.
THE RETRIEVAL OF THE SHAPE KNOWLEDGE USING ISC
To search a shape from a knowledge repository, the designer has to provide a preliminary shape that resembles the shape to be retrieved. Then encode this rough shape by the procedure in Figure 4 . The retrieval of the shape knowledge is implemented by a process measuring the norm of the ISCs of the rough shape and the one in shape repository. This process will repeat until the searching criteria is matching, i.e.,
, for all shapes in the repository, as described in previous sections.
In fact, the retrieval process might obtain several shapes in the repository as output, which all satisfies the search criteria.
The larger the ε value, the more results the designer could obtain. In such cases, the designer is asked to make the final decision. 
SHAPE KNOWLEDGE REUSE
The shape knowledge in the repository could be reused in different ways after retrieval. For example, it could be directly modified or merged into the working model by simply copying its associated geometric data in case working in a point cloud or mesh model, or by interpolating using NURBS with boundary constraints. In addition, if it is transformed into frequency domain, some shape modification and manipulations could be performed by applying frequency-based operators. This scenario is depicted in Figure 6 . Some frequency-based shape operations, including shape processing using signal processing algorithms, or shape mapping, are discussed in another paper, for more details about these issues please contact the author. After modification, the retrieved shape will be transformed back to spatial domain by applying the inverse DFT, and a reconstruct process will take place to rebuild the modified shape of the form feature. Eventually, the reconstructed spatial shape distribution will be merged into the existing model according to the condition of the current model. For instance, for a point cloud model, it can be simply merged into the model; while for Figure 6 . Reuse of the retrieved shape knowledge a NURBS model, some boundary conditions must be taken into account. In this case, some additional boundary constraints can be applied to create the shape of the modified ROI.
CONCLUSIONS AND FUTURE WORK
In this paper we have presented a framework for shape knowledge indexing using ISC. We developed a robust representation for encoding the invariant shape identity. The results of empirical study demonstrate that the NFSI is stable and efficient, being capable to serve as an ISC. Even though our ISC defined on the form feature, the fundamental could be extended to handle that of the global shape by treating it as a set of form features. We have implemented the process for shape knowledge repository in combination with our former work [16] . In addition, a framework for using ISC in shape knowledge indexing is proposed.
Future work includes: a data structure to recode the ISC and support the indexing; strategies to reasoning the global shape knowledge from the local information; and topological structure to represent the global shape knowledge from local shape knowledge.
